Protein structure determination by proton-detected magic-angle spinning (MAS) NMR has focused on highly deuterated samples, in which only a small number of protons are introduced and observation of signals from side chains is extremely limited. Here, we show in two fully protonated proteins that, at 100-kHz MAS and above, spectral resolution is high enough to detect resolved correlations from amide and side-chain protons of all residue types, and to reliably measure a dense network of 1 H-1 H proximities that define a protein structure. The high data quality allowed the correct identification of internuclear distance restraints encoded in 3D spectra with automated data analysis, resulting in accurate, unbiased, and fast structure determination. Additionally, we find that narrower proton resonance lines, longer coherence lifetimes, and improved magnetization transfer offset the reduced sample size at 100-kHz spinning and above. Less than 2 weeks of experiment time and a single 0.5-mg sample was sufficient for the acquisition of all data necessary for backbone and side-chain resonance assignment and unsupervised structure determination. We expect the technique to pave the way for atomic-resolution structure analysis applicable to a wide range of proteins.
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NMR spectroscopy | magic-angle spinning | protein structures | proton detection | viral nucleocapsids D espite tremendous progress in the analysis of biomolecular samples over the last two decades (1-7), routine application of magic-angle spinning (MAS) NMR in biology is still limited by the inherently low sensitivity. The direct detection of proton resonances is a straightforward way to counter this problem, but entails a trade-off with resolution due to the strong homonuclear dipolar interactions among proton nuclei. High-resolution proton-detected methods were first demonstrated with modest spinning frequencies by today's standards (∼10 kHz) and relied on a reduction of 1 H-1 H couplings by high levels of dilution with deuterium, typically perdeuteration, and complete (8, 9) or partial (10-12) protonation at exchangeable sites. The need for narrow proton resonances without such extreme levels of deuteration has motivated a continuous technological development, resulting in a dramatic increase in the available spinning frequency (13) (14) (15) (16) (17) (18) (19) (20) .
At MAS frequencies of 40-60 kHz, deuteration and 100% reprotonation at exchangeable sites, primarily amide protons, result in resolved and sensitive spectra, similar in quality to the case of higher dilution levels and lower spinning frequencies (21) (22) (23) . This opens the way to rapid sequential assignment of backbone resonances (24) (25) (26) (27) , as well as to the unambiguous measurement of detailed structural and dynamical parameters (28) (29) (30) (31) (32) . A further increase in the MAS frequency to 100 kHz allows resonance assignment (20) , a structure determination of a model protein (16) , and interaction studies (15) with as little as 0.5 mg of sample. However, a high deuteration level severely limits observation of side-chain signals, which are essential for the determination of a protein structure at high resolution. The redundancy of information intrinsic to spectra of side-chain protonated proteins, which leads to a mutually supportive network of distance restraints, is also crucial to an unbiased and robust spectral analysis by unsupervised algorithms (33) (34) (35) (36) .
One approach to access side-chain proton resonances is the fractional labeling of side chains with 2 H and 1 H, which has the advantage of protonation at many sites, but with a dramatic reduction in sensitivity and potential loss of resolution due to the presence of multiple isotopomers (37) (38) (39) . These problems have limited the application of these strategies for protein structure determination.
Alternatively, ILV-methyl labeling with suitable precursors has been used for structure determinations (16, 28, 40) , and other tailored labeling approaches have also been proposed (41) . However, these methods still introduce only a limited set of side-chain protons. Furthermore, they are implemented with deuterated growth media, which can reduce or even eliminate protein expression. Moreover, complete amide reprotonation in the interior of the protein can be problematic for systems that lack a refolding protocol (42) , such as investigated in the present study. Extremely narrow aliphatic lines were reported for leucine residues in a stereo-array isotope-labeled (SAIL) protein at 80-kHz MAS (43) . Unfortunately, the high cost of SAIL has prevented its widespread application.
All of these drawbacks are overcome if resolved side-chain proton resonances are available from a fully protonated sample. Fully protonated samples are by far the simplest to produce, and Significance Protein structure determination is key to the detailed description of many biological processes. The critical factor that would allow general application of magic-angle spinning (MAS) solid-state NMR to this end is improvement in sensitivity and resolution for as many nuclear spins as possible. This is achieved here with detection of resolved 1 H resonances in protonated proteins by increasing MAS rates to frequencies of 100 kHz and above. For large proteins and assemblies, ultrafast spinning narrows spectral resonances better than Brownian motion on which solution NMR relies, removing a fundamental barrier to the NMR study of large systems. This is exploited here to determine the de novo structure of a 28-kDa protein dimer in a 2.5-MDa viral capsid assembly.
their effective use could be applied to a much wider array of molecules including biomolecules labeled in mammalian systems (44) . However, although amide proton assignment is possible for fully protonated proteins above 40-kHz MAS (45) (46) (47) (48) , proton resonances remain significantly dipolar broadened at 40-60 kHz, limiting the applicability of this spinning regime for side-chain assignment and structure determination (41, 45, (49) (50) (51) .
Here, we investigate the resolution at an increased MAS frequency of 100 kHz and above, and find that it enables rapid structure determination in fully protonated proteins. To our knowledge, we present the first two examples of such structure determinations, the small model protein GB1 (52) and the de novo determination of Acinetobacter phage 205 (AP205) coat protein (AP205CP), a 28-kDa dimer in a 2.5-MDa viral capsid assembly (53) . In both cases, we used a single 0.5-mg sample of uniformly 13 C, 15 N-labeled protein for backbone and side-chain resonance assignment, and for collection of a dense network of proton-proton distance restraints. Each structure was calculated from data acquired in less than 2 weeks, and making use of unsupervised analysis algorithms as implemented in UNIO (54).
Results and Discussion NMR Structures. Fig. 1 shows structural ensembles for microcrystalline GB1 and sedimented microcrystalline nucleocapsids of AP205CP, determined by solid-state NMR with MAS at frequencies of 100 kHz and above.
GB1 is a small and well-characterized globular protein of 56 residues. The bundle of NMR conformers calculated here (Fig. 1A ) has a backbone heavy-atom root-mean-square deviation (rmsd) of 0.48 Å, an all-heavy-atom rmsd of 1.04 Å, and deviates from the X-ray structure (PDB ID code 2QMT) by 1.45 Å (see full statistics in Table S1 ).
AP205CP forms a homodimer of 2 × 130 residues, which is the basic subunit of the icosahedral AP205 capsid comprised of 90 dimers (53) . The bacteriophage encodes for four genes, which are packed as single-stranded RNA (ssRNA) in a 28-to 30-nm icosahedral protein capsid. Because of its size, the AP205 capsid Ribbon diagram of the 10 lowest-energy conformers for GB1 (A) and dimeric AP205CP (E), with monomers colored in cyan and tan. The approximate location of 1 of the 90 dimers in the cryo-EM electron density is also illustrated (53) . The long-range proton-proton contacts measured in this study are depicted as dark blue lines onto the lowest-energy conformers of the two proteins: contacts between amide protons (B and F), contacts among amide and ILV-methyl-labeled protons (C and G), and all proton-proton contacts (D and H). is inaccessible to solution NMR. Its crystals can be obtained easily in many different conditions, but despite our best efforts they do not diffract beyond 15-Å resolution, and similarly the cryo-EM structure (53) is resolved to only about 20 Å. However, sedimented microcrystals of AP205 nucleocapsids provide resolved MAS NMR spectra (27) . The bundle of NMR conformers of the AP205CP dimer calculated here (Fig. 1E ) has a backbone heavy-atom rmsd of 1.23 Å and an all-heavy-atom rmsd of 1.84 Å over structured regions (Table S1 ). The structure reveals a chain-intertwined dimer, typical for all ssRNA phages, with an extended β-sheet formed from both monomers and a pair of long helices engaged in a multitude of intermolecular contacts. The NMR structure is in agreement with the X-ray structure of an assembly-deficient AP205CP mutant dimer (PDB ID code 5FS4) to a backbone heavy-atom rmsd of 2.35 Å.
Each of the two structures is held together by a dense network of long-range (between residues i and j, ji − jj > 4) 1 H-1 H contacts, also shown in Fig. 1 , which encode distances up to about 5.5 Å. This amounts to 236 and 410 meaningful long-range contacts for GB1 and AP205CP, respectively, including 104 intermolecular contacts that define the dimer interface of AP205CP (Table S1 ). For these two structures, the total information content is described by ∼13.7 and 5.3 meaningful, nonredundant distance restraints per residue, approaching the criteria established for solution NMR determinations at high resolution (55) . For AP205CP, the restraints per residue increase to 6.2 by considering only the assigned residues, and to 7.7 by considering only residues in structured regions. Previous structural approaches in 1 H-detected MAS NMR relied on extensive deuteration, which resulted in the observation of contacts only among amide protons and ILV-methyl sites (16, 23, 28, 31, 56 ).
However, amide-amide contacts ( Fig. 1 B and F) , or even contacts between ILV-methyl and amide protons (Fig. 1 C and G) , represent a small number of the total, the large majority of which involve sidechain protons (Fig. 1 D and H) . Although in principle a small set of long-range restraints could define a high-quality structure, a large set indicates a high-quality determination in the presence of limited precision and assignment ambiguity, which are typical of many systems of interest. As shown in Fig. 1 , a large set of proton-proton contacts can be effectively acquired and automatically assigned in fully protonated proteins. This set includes side-chain protons, which are essential to constrain secondary structure elements (helix-sheet contacts in GB1, and helix-sheet and helix-helix contacts in AP205CP). The key for obtaining these sets of distance constraints lies in the possibility of directly recording and assigning resolved resonances for proton sites throughout the backbone and side chains of the two proteins.
Resolution of 1 H-Detected Spectra. GB1 is a 6.2-kDa model microcrystalline system known for its high spectral quality in solid-state NMR (52) . Fig. 2 A and 
ppm).
The 28-kDa AP205CP dimer represents a challenging case of biological interest. The sample exhibits increased heterogeneity, manifested in linewidths of about 150-200 Hz (0.15-0.20 ppm) for amide, Hα, and methyl protons, at 100-kHz MAS (Fig. 2 C  and D) . A successful structure calculation in the presence of this inhomogeneity suggests that the method will be applicable to a range of biological targets of similar spectral quality, such as membrane-embedded proteins, fibrils, and macromolecular assemblies (27, 57, 58) . Fig. 2C also compares the amide spectrum of AP205CP to that of a perdeuterated sample purified in H 2 O. Although most amide protons exchange during purification, as indicated by the observation of a cross-peak in both spectra, several weak or missing signals for the perdeuterated sample indicate incomplete exchange, a phenomenon observed for a variety of proteins (24, 59) . For AP205CP, amide groups engaged in hydrogen bonds in the middle of the two α-helices, in the innermost β-strands, or at the dimer interface, are inaccessible to proton exchange. In general, nonexchangeable protons lie in the most structured regions of a protein, where the density of potential internuclear contacts is higher. The possibility of studying samples directly expressed in 100% H 2 O is an advancement that extends 1 H-detected structural determinations to key exchange-protected regions.
Backbone and Side-Chain Resonance Assignment. N backbone resonances were first assigned using both 13 C-based interresidue matching (27) , amide 15 N matching (48) , and automated analysis using the UNIO-MATCH algorithm (60, 61) . These assignments were then extended by measurement of the Hα shifts using a (H)NCAHA spectrum (46) . For AP205CP, previous backbone C shifts. This is in contrast with ILV-labeled samples, in which it is difficult to unambiguously Overall, for GB1, the completeness of assignment of proton resonances was 94.4%, and the all-atom completeness was 85.9%, with the missing resonances being primarily aromatics. For AP205CP, the completeness of assignment of proton resonances was 64.9%, and the all-atom completeness was 62.6%.
H-
1 H Contacts and Structure Calculation. For protein fold determination, 3D radiofrequency-driven recoupling (RFDR) spectra (64) were recorded that directly probe 1 H-1 H proximities. These spectra contain two 1 H dimensions and therefore benefit doubly from the narrow backbone and side-chain proton resonances. In this specific implementation, 1 H-1 H contacts were resolved using the shift of 15 N, aliphatic 13 C, or aromatic 13 C, and acquired in 72 h for GB1 and 103 h for AP205CP.
For each of these spectra, signals were manually identified and converted into unassigned peak lists, containing the frequency coordinates and the intensity of each signal. For GB1, the NMR structure was calculated with the UNIO software package using as inputs these unrefined peak lists, the assigned backbone and side-chain chemical shifts, and backbone dihedral angles predicted from the chemical shifts using TALOS+ (65) . The standard unsupervised protocol of iterative cross-peak assignment, conversion into distance restraints, and structure calculation was applied as implemented in the program UNIO-CANDID (66) . The chemical-shift-based assignment tolerances were set to the corresponding experimental linewidths, namely 0.15 and 0.4 ppm for proton and heavy-atom dimensions, respectively. Despite the fivefold increase in the proton tolerances compared with typically used solution NMR parameters, the average initial assignment ambiguity per peak of ∼16 remained modest. Not surprisingly, due to the high quality of the input data, an efficient network-anchored assignment of the contacts (66) resulted in a defined fold of the protein already in the first cycle of the iterative protocol. This is a crucial criterion certifying the reliability of a result in an unsupervised data analysis run (35) .
AP205CP represents a particular challenge for structure determination due to the larger size and the dimeric protein topology. Using assignment tolerances corresponding to the experimental linewidths, the initial chemical-shift-based assignment ambiguity per peak was ∼56, which corresponds to a computational ambiguity of 112, due to the need to distinguish between intrasubunit and intersubunit contacts in the dimer. To improve convergence, the UNIO-CANDID protocol described for GB1 was supplemented with four 1 H-1 H distance restraints and 27 hydrogen bond restraints. Namely, two intermolecular helix-helix restraints (Val104 Hγ1-Trp97 He1 and Asp105 Hα-Trp97 He1), one intermolecular helix-strand restraint (Val104 Hγ1-Ile83 Hδ1), and one intramolecular helix-loop restraint (Asn103 Hα-Ile124 Hδ1) were applied. These spectrally unambiguous distance restraints were manually identified based on unique chemical shifts of involved side-chain 1 H nuclei. Two helix-helix contacts were entered as intermolecular because they cannot be satisfied for a monomer structure, whereas the calculation converges to the correct fold when the other two manually entered restraints are defined as ambiguous, i.e., as intermolecular or intramolecular (Supporting Information). Based on the observed chemical shifts that indicated β-sheet secondary structure, and on the observation of cross-strand Hα-Hα, H N -H N , and Hα-H N RFDR contacts, 6 intermolecular and 21 intramolecular hydrogen bonds were imposed in the calculation between β-strands as detailed in Fig. S1 . By using these additional restraints, a defined fold for the dimer was found after the first iteration of the automated UNIO-CANDID cross-peak assignment ensuring a reliable final result (Supporting Information).
It should be emphasized that relative alignment of two AP205CP monomers could be determined from the NMR data without the need for mixed isotope labeling that is often applied to filter intramolecular contacts (67) . This is particularly important because there is no protocol for disassembly and reassembly of the AP205CP complex that would be needed for such an approach.
Statistics of the experimental restraints and structure calculation are summarized in Tables S1-S3 , and further details can be found in Supporting Information. Although it was not possible to unambiguously identify any interdimer contacts from the present 3D RFDR spectra, the determination of the AP205CP dimer structure paves the way to a future joint analysis of the NMR data with the cryo-EM density maps (53) to assemble 90 dimers into an atomic-level description of the global capsid architecture.
Sensitivity of 1 H-Detected Spectra. The high-resolution spectra demonstrated in Figs. 2-4 were acquired with no compromise in sensitivity compared with the previous state of the art at 60-kHz MAS in 1.3-mm rotors. An increase in the spinning rate requires reduced sample dimensions. This provides increased detection sensitivity associated with improved inductive coupling of smaller coils (almost a factor of 2 with respect to 1.3-mm rotors) but invariably entails a reduction in the sample volume (here by a factor of 4-5 with respect to 1.3-mm rotors) (18, 68) . Combined, we therefore expect a theoretical 2.2-to 2.7-fold loss in the sensitivity of a single-pulse spectrum. Surprisingly, we measured approximately equal sensitivity for Additionally, loss in sample volume is offset by narrower proton lines, longer coherence lifetimes, and improved transfer efficiencies (69) . For GB1, the amide 1 H refocused transverse coherence lifetime (T 2 ′) at ∼111-kHz MAS increased to 4.6 ms compared with 1.8 ms at the previous state-of-the-art of 60-kHz MAS. This corresponds to a nonrefocusable linewidth of about 70 Hz, indicating that about one-half of the contribution to the linewidth is still homogeneous. We observed improvement in 1 H linewidths by about a factor of 1.5-1.8 for GB1 and dramatic improvements in T 2 ′ of 13 C′, 13 Cα, and 15 N, when increasing the MAS rates from 60 to ∼111 kHz (Supporting Information). This results in improved J-transfer efficiency and therefore higher sensitivity or reduced experiment time for sequences that depend on the T 2 ′, producing for GB1 an additional sensitivity gain of about 2.1 for an out-and-back Cα → Cβ transfer, and 1.6 for a full C′ → Cα transfer (48) . Finally, for the RFDR-based 3Ds that encode two proton dimensions, there is also a sensitivity benefit that depends on the indirect sampling. For example, when sampling extends to 1.5T 2 * at 111-kHz MAS, as in the case of GB1, this amounts to a factor of about 1.3-1.5, as detailed in Fig. S4 . Gains due to linewidth and T 2 ′ are modest for AP205CP for backbone resonances due to significant inhomogeneity in this sample. The exact sensitivity gain depends on the details of the sample and the pulse sequence, but is more significant for experiments with many transfers on which the majority of the data acquisition time is spent. This bodes well for the extension to higher dimensional spectra for fully protonated samples once higher sensitivity is available from cryoprobes or higher field magnets.
Conclusions
In conclusion, to our knowledge, we have presented here the first examples of protein structure determination by MAS NMR using fully protonated samples and 1 H detection. The narrowed 1 H linewidth, which arises due to fast sample spinning, allows the successful application of efficient protocols for resonance assignment and automated structure determination involving backbone and side-chain protons from all residue types. Notably, we have demonstrated that backbone and aliphatic side-chain assignment and high-resolution protein structure determination can be achieved using less than 2 weeks of instrument time, a single 0.5-mg sample, and rapid and unsupervised analysis of internuclear contacts.
The straightforward 1 H-based structure determination under fast sample spinning removes a fundamental barrier to the efficient NMR study of large systems, because the high resolution operated by MAS does not rely on stochastic Brownian motion, and therefore is independent of the size of the molecule, as demonstrated here in the de novo atomic-resolution structure of AP205CP in an intact 2.5-MDa capsid assembly. This approach overcomes the need for deuteration, and not only allows access to side-chain protons, but also circumvents potential problems of incomplete proton backexchange and difficulty of protein expression in deuterated media.
We expect the approach to enable structure determination for a wide range of molecules such as membrane proteins and macromolecular complexes.
Methods
Sample Preparation. Uniformly 13 C, 15 N-labeled GB1 and AP205CP samples were expressed in Escherichia coli, purified, and precipitated as described previously (26, 52) . A full description is provided in Supporting Information.
Structure Calculation. For both proteins, the standard UNIO protocol was used, which consists of seven cycles of cross-peak assignment, conversion into a meaningful, nonredundant set of distance restraints, and structure calculation by simulated annealing. In the second and subsequent cycles, the intermediate protein structures were used to guide the process of cross-peak assignment. Further details are discussed in Supporting Information, and calculation statistics are reported in Tables S2 and S3 .
NMR Spectroscopy. All spectra were recorded at ω 0H /2π = 1 GHz and a MAS rate of 100 kHz (AP205CP) or 111.111 kHz (GB1) using a Bruker 0.7-mm HCN probe. Spectrometer settings, as well as acquisition and processing parameters specific for each 2D and 3D spectrum, are discussed in Supporting Information and summarized in Tables S4 and S5 . Simulations of the isotropic 13 C- 13 C mixing were performed using the software package SIMPSON (70) and are reported in Fig. S5 . 
